Introduction
For the study of muscle injury and its mechanisms, denervation, ischemia, and injection of neuromyotoxic agents have been adopted as indirect methods. 1, 2 Among them, local bupivacaine has been widely used to examine skeletal muscle degeneration and regeneration because even a single injection of this agent can rapidly induce necrosis in muscle fibers. 1 It thus appears that a bupivacaine injection is a suitable method to study histological and cytochemical changes associated with muscle injury. 3, 4 Previous studies on the recovery process of muscle injury have been focused on the structural changes, [5] [6] [7] whereas recent studies have focused on the identification and characterization of stress proteins, which play a pivotal role in cellular responses of the regeneration process. Recently, growing evidence showed that heat-shock proteins (HSPs) are involved in the recovery process of injured skeletal muscle. [8] [9] [10] Because these molecular chaperones play a pivotal role in cytoprotection, 11, 12 HSPs are thought to be as one of the most important molecular factors in skeletal muscles response to injuries and subsequent regeneration.
Among the HSPs family, HSP70 is considered to be one of the most responsive molecular chaperones that plays a role in repairing folded peptides during physiological challenges in skeletal muscles. 13, 14 Recent reports showed that HSP70 has the capacity to suppress the injury process and apoptosis in response to a variety of stimuli including heat, DNA damage, and death receptor ligation, 15 suggesting the potential survival-promoting effects of HSP70. Regarding the expression of HSP70 in skeletal muscle injury, previous studies reported a potential protective role of HSP70 in skeletal muscle injury models including ischemia reperfusion, 8 denervation, 10 and eccentric contraction. 9 A recent study also strongly supported this notion by demonstrating that overexpression of HSP70 prevented the specific force deficit and protected against muscle damage. 16 However, previous studies reported inconsistent expressions of HSP70 in the recovery process from muscle injury, and the reasons for such differences are mainly due to different muscle injury models, type of muscle fiber, and duration of injury period. Furthermore, as far as bupivacaine-induced muscle injury is concerned, currently there is no report demonstrating the potential protective role of HSP70 expression.
Skeletal muscle has a capability to adapt to a variety of stresses including contractile activity through induction of cytoprotective proteins such as HSP70. It is relatively well documented that exercise substantially induces production of HSP70 in the skeletal muscle and it may provide an insight into the underlying mechanisms by which regular exercise can protect against related and not-related stressors including muscle injury. 17, 18 Nonetheless, the effect of exercise-induced HSP70 expression on skeletal muscle injury and recovery has not been studied yet. Thus, in this study, the effect of lowintensity treadmill exercise on bupivacaine-induced muscle injury and the potential role of HSP70 expression in the recovery process were investigated.
Methods

Animal model
A total of 56 male Sprague-Dawley rats, weighing 301.7 ± 3.4 g, were obtained from a commercial breeder (Orient Co., Seoul, Korea) for the experiments. All surgery and experimental procedures were performed in accordance with the animal care guidelines of the National Institutes of Health and the Korean Academy of Medical Sciences. The rats were housed in standard stainless steel wire-mesh cages in a room with a 12-hour light/dark cycle (light period: 7:00 am-7:00 pm;temperature:20 ± 2 • C). All animals had ad libitum access to food (rat chow) and water.
Experimental design
The animals were randomly divided into the following four groups: the control group (CON), the sham group (SHAM), the injury group (INJ), and the injury and exercise group (EX) (n = 14 in each group). The rats in the INJ group received bupivacaine into the left gastrocnemius muscle, whereas the rats in the SHAM group received an equivalent amount of NaCl. Six hours after bupivacaine injection, two animals from each of the CON, SHAM, and INJ groups were killed to determine the level of tumor necrosis factor-alpha (TNF-␣) as a marker of inflammation using reverse transcriptionpolymerase chain reaction (RT-PCR). Half of the animals in each group (n = 6) were killed at 24 hours after receiving a bupivacaine injection, whereas the others in each group (n = 6) were killed at 7 days after receiving a bupivacaine injection. Immediately after killing, the left hind limb was shaved and gastrocnemius muscles were carefully dissected. For the histological and immunohistochemical examinations, some parts of the gastrocnemius muscles were fixed in O.C.T. Compound (Sakura, Japan) and quickly frozen at -70 • C until analysis.
Muscle injury induced by bupivacaine injection
The animals were anesthetized by inhalation of diethyl ether, following which 0.1 mL of 1% bupivacaine hydrochloride prepared in 0.9% saline solution was injected six times into the left gastrocnemius muscles using a syringe equipped with a 26G needle (total injection volume: 0.6 mL). 19 The sham group received 0.1 mL of 0.9% saline solution six times (total injection volume: 0.6 mL). The rats were allowed to recover in their cages in a warm environment.
Exercise protocol
The rats in EX were forced to walk 24 hours after receiving the bupivacaine injection on a motor-driven treadmill. Exercise was performed for 30 minutes either one time (1 day) only or once daily for 7 consecutive days to compare the acute effect and relatively short-term training effect. The exercise load for the EX consisted of walking at a speed of 8 m/minute, at 0 degree of inclination. This exercise regimen is a lowintensity treadmill exercise. 20 Electric shock to stimulate the animals to run was not used; however, uncooperative rats were encouraged to run by occasional gentle manual brushing on their backs.
RNA isolation and RT-PCR
To identify expressions of TNF-␣ messenger RNA (mRNA), RT-PCR was performed. Total RNA was isolated from the gastrocnemius muscle using RNAzol B (TEL-TEST For glyceraldehyde 3-phosphate dehydrogenase (GAPDH), the internal control used in the study, the primer sequences were 5 -TGG TGC TGA GTA TGT CGT CC-3 (a 20-mer sense oligonucleotide) and 5 -TTG TCA TTG AGA GCA ATG CC-3 (a 20-mer antisense oligonucleotide). The expected sizes of the PCR products were 295 bp for TNF-␣ and 650 bp for GAPDH. For TNF-␣, the PCR procedure was carried out using a GeneAmp 9600 PCR system (Perkin Elmer, Norwalk, CT, USA). The final amount of RT-PCR product of the mRNA species was calculated densitometrically using Molecular Analyst version 1.4.1 (Bio-Rad, Hercules, CA, USA).
Hematoxylin and eosin staining
Approximately 10-m thick transverse sections were cut using a cryostat cooled to -20 • C and sections were stained with hematoxylin and eosin (HE) staining by routine protocol for general histological observation. In brief, the slides were dipped into Mayer's hematoxylin for 30 seconds, then rinsed with tap water until clear, and dipped in eosin for 30 seconds and again rinsed with water. The slides were air dried at room temperature and then they were dipped two times each in the following solutions: 95% ethanol, 100% ethanol, a solution of 50% ethanol and 50% xylene, and 100% xylene. The cover slips were finally mounted using Permount (Fisher Scientific, Fair Lawn, NJ, USA).
Protein isolation and Western blot analysis
Gastrocnemius muscles were homogenized with a lysis buffer containing 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (pH 7.5), 150 mM NaCl, 10% glycerol, 1% Triton X-100, 1.5 mM magnesium chloride hexahydrate, 1 mM ethylene glycol-bis-(␤-aminoethyl ether)-N,N -tetraacetic acid (EGTA), 1 mM phenylmethylsulfonyl fluoride, 2 g/mL leupeptin, 1 g/mL pepstatin, 1 mM sodium orthovanadate, and 100 mM sodium fluoride. Cellular debris was removed by microcentrifuging at 14,000 rpm, followed by quick freezing of the supernatant. The protein content was determined by Bradford method. Thirty micrograms of protein were separated on sodium dodecyl sulfate-polyacrylamide gels and electrophoretically transferred to a nitrocellulose membrane (Schleicher & Schuell GmbH, Dassel, Germany) in a prechilled transfer buffer. The blots were blocked for 1 hour with 5% nonfat milk reagent dissolved in 1 × Tris-buffered saline with 0.05% Tween-20 (TBST). Mouse anti-actin, rabbit anti-iNOS, and mouse anti-HSP70 antibodies (1:1000; Santa Cruz Biotech, CA, USA) were used as primary antibodies. After further washing in TBST, horseradish peroxidase-conjugated antimouse antibody for actin and HSP70 and anti-rabbit antibody for inducible nitric oxide synthase (iNOS, 1:1000; Amersham Pharmacia Biotech GmbH, Freiburg, Germany) were used as the secondary antibody. The band detection was determined using enhanced chemiluminescence detection kit (Amersham Pharmacia Biotech GmbH). To compare the relative expression of proteins, the detected bands were quantified by scanning densitometry (Gel Doc-2000, Bio-Rad, Hercules, CA, USA).
Caspase-3 immunohistochemistry
For visualization of caspase-3 expression, caspase-3 immunohistochemistry was performed as previously described. 21 In brief, the sections were drawn from each muscle and incubated overnight on the gelatin-coated slides with mouse anti-caspase-3 antibody (1:500; Santa Cruz Biotechnology, Santa Cruz, CA, USA) and then for another 1 hour with biotinylated mouse secondary antibody. Bound secondary antibody was then amplified with Vector Elite ABC Kit (Vector Laboratories, Burlingame, CA, USA). The antibody-biotin-avidin-peroxidase complexes were visualized using 0.02% 3,3-diamonobenzidine. The slides were air dried overnight at room temperature, and cover slips were mounted using Permount (Fisher Scientific).
Data analysis
For HSP70 and iNOS, the percentage of difference in optical density scores was calculated according to a previous study. 22 The number of caspase-3-positive cells was expressed as the mean number of cells per square millimeter of the crosssectional area of the gastrocnemius muscle using the ImagePro Plus software (Media Cybernetics, Silver Spring, MD, USA). All values were expressed as the means ± standard error of the mean. For comparisons among groups, one-way analysis of variance with Duncan's post hoc test using the SPSS version 18.0 statistical package was used (SPSS Inc., Chicago, IL, USA). The differences were considered significant when p < 0.05.
Results
TNF-˛mRNA expression in skeletal muscles
The RT-PCR analysis of the expression of TNF-␣ mRNA was performed to confirm whether bupivacaine injection induced skeletal muscle injury through inflammatory processes or not.
In the present results, the expression of TNF-␣ mRNA was markedly increased (p < 0.05) in the INJ group compared with the CON group (Fig. 1). 
Morphological findings
Histological cross-sections of gastrocnemius muscles from 1 and 7 days after treatment with bupivacaine were stained with hematoxylin (blue) and eosin (purple) (Fig. 2) . At 1 day after the muscle injury, the bupivacaine injection induced severe damage in gastrocnemius muscles, which is shown in both Fig. 2C and 2D, observed by the presence of hypercontracted fibers, inflammatory cell infiltration, and empty space between the cells, which clearly indicated myonecrosis, tissue disruption, and edema. Gastrocnemius muscles in the rats performing low-intensity treadmill exercise for 1 and 7 days following bupivacaine injection ( Fig. 2D and 2H ) demonstrated fewer necrosis of myofibers compared with rats in the INJ group ( Fig. 2C and 2G ). The gastrocnemius muscles in both the CON and SHAM groups did not show severe morphological alterations ( Fig. 2A, 2E , 2B, and 2F).
HSP70 expression in gastrocnemius muscles
Western blot analysis of the expression of HSP70 protein was performed to provide an estimate of the relative levels of expression of this gene in each group (Fig. 3) . The expression of HSP70 protein in CON was used as the control value of 1.00. At 1 day after the muscle injury, the expression of HSP70 protein was as follows: 1.00 (CON), 2.09 ± 0.22 (SHAM), 3.15 ± 0.42 (INJ), and 1.29 ± 0.31 (EX). The expression of HSP70 protein in the INJ group was significantly higher than that in the CON group (p < 0.05). Interestingly, the expression of HSP70 protein was significantly decreased (p < 0.05) in the EX group compared with the INJ group (Fig. 3A) . At 7 days after the muscle injury, the expression of HSP70 protein is as follows: 1.00 (CON), 1.16 ± 0.02 (SHAM), 1.85 ± 0.14 (INJ), and 2.18 ± 0.27 (EX). The expressions of HSP70 protein in both the INJ and EX groups were significantly higher than that in the CON group (p < 0.05), whereas there was no difference between the INJ and EX groups (Fig. 3B) . 
Inducible nitric oxide synthase expression in gastrocnemius muscle
Western blot analysis of the expression of iNOS protein was performed to provide an estimate of the relative level of expression of this gene in each group. In the present study, the expression of iNOS protein (130 kDa) in the CON group was used as the control value of 1.00. At 1 day after the muscle injury, the expression of iNOS protein is as follows: 1.00 (CON), 1.49 ± 0.09 (SHAM), 2.60 ± 0.25 (INJ), and 1.34 ± 0.13 (EX) (Fig. 4) . The expression of iNOS in the INJ group was significantly higher than that in the CON group (p < 0.05). However, the expression of iNOS was markedly decreased in the EX group (p < 0.05) compared with the INJ group. At 7 days after the muscle injury, iNOS protein expression in all groups was not significantly different (Fig. 4). 
3.5.
Caspase-3 expression in skeletal muscle (Fig. 5) .
The expression of caspase-3 in the INJ group was significantly higher than that in the CON group (p < 0.05). However, caspase-3 expression was significantly decreased in the EX group (p < 0.05) compared with that in the INJ group (Fig. 5 ).
Discussion
A major finding of this study was that low-intensity treadmill exercise promotes fast muscle regeneration to recover from bupivacaine-induced muscle injury in rat gastrocnemius muscle and enhanced recovery is accompanied by upregulation of HSP70.
In the present study, the six injections of 0.1 mL of 1% bupivacaine (total injection volume: 0.6 mL) induced muscle injury, which is shown by an increased expression of TNF-␣ mRNA in the gastrocnemius muscle 6 hours later (Fig. 1) ; it has been well documented that TNF-␣ plays a central role in cellular interactions during muscle damage. 22, 23 Moreover, based on the histological analysis of transverse sections of skeletal muscle, the hypercontracted myofibrils, inflammatory cell infiltration, and empty spaces between cells, indicating myonecrosis and edema, were clearly observed in the INJ group 1 day after bupivacaine injection ( Fig. 2C) , which was consistent with a previous report, 2 although those phenomena were a little mitigated in a week (Fig. 2G) .
By contrast, low-intensity treadmill exercise reduced the incidences of necrotic myofibrils, and more intact cells remained in the EX group compared with the INJ group at 1 day (Fig. 2D) and 7 days (Fig. 2H) after the bupivacaine injection. These results are the first to demonstrate the possibility that low-intensity treadmill exercise may have a therapeutic effect on skeletal muscle injury during inflammatory phase. Although the precise mechanisms underlying exerciseinduced protective effect on skeletal muscle injury remain unknown, several studies have suggested that the protective effect of exercise is likely to be mediated by HSP70. HSP70 may mainly contribute to protect cellular function against a variety of stresses such as increased temperature, hypoxia, glucose deprivation, and cellular damage in skeletal muscle. Thus, we hypothesized that exercise would show some protective effect on skeletal muscle injury and enhance fast recovery from the injury during inflammation. Accordingly, our result showed that at 1 and 7 days after bupivacaine-induced muscle injury there was an increase in the expression of HSP70 compared with the CON group (Fig. 3A and 3B ).
In general, it has been suggested that overexpression of HSP70 in skeletal muscles protects against muscle damage 16 and that HSP has a complementary protection against oxidative stress induced by exercise. 24 However, the present results showed that highly expressed HSP70 was diminished by treadmill exercise at 1 day after skeletal muscle injury (Fig. 3A) . One of the possible reasons for this discrepancy is the different experimental design. Most studies focused on the effect of exercise on HSP70 expression under normal skeletal muscles, whereas our study dealt with the effect of exercise under the muscle injury condition where HSP70 could be compensated by inflammation as indicated by a significant increase of iNOS expression (Fig. 4) . Furthermore, a previous study showed that early exercise induced more rapid and intensive capillary growth in the injured area, better regeneration of muscle fiber, and more parallel orientation of the regenerating myofibrils. 25 Therefore, it can be speculated that our results demonstrating protective effect of exercise on muscle injury could be caused by other factors, not primarily mediated by HSP70 directly. At 7 days after the muscle injury, there was no difference in HSP70 expression between the INJ and EX groups (Fig. 3B) and compared with the result of 1 day after the muscle injury, increased HSP70 expression in the EX group was comparable to that of the INJ group. This phenomenon can be ascribed partly to the adaptation of exercise as regular exercise is shown to increase the level of HSP70 and exerts a protective influence on skeletal muscle, which was injured by various stressors. 17, 18 In the same context, a recent study well documented the notion that overexpression of HSP70 in skeletal muscle protects against muscle damage 16 and supports the current finding of this study that fast recovery from the bupivacaine-induced muscle injury is likely to be mediated partly by exercise-induced HSP70 expression.
The inducible isoform of NOS is known to produce large amounts of nitric oxide as a defense mechanism as it may play an important role in the response of the cell to inflammation caused by infection, tumor growth, and many diseases. Regarding the association of iNOS with skeletal muscle injury, reperfusion injury was shown to be alleviated in iNOS knockout mice whereas upregulation of iNOS exacerbated ischemia perfusion injury, 14 suggesting a potential role of iNOS in skeletal muscle injury and recovery process. However, little is known about iNOS expression in the bupivacaine-induced muscle injury and the effect of exercise during recovery process. Interestingly, we found that bupivacaine-induced muscle injury increased the expression of iNOS, whereas enhanced expression of iNOS was reduced by treadmill exercise at 1 day after skeletal muscle injury (Fig. 4) . A comparison of these results with previous reports supports the notion that iNOS appears to be a therapeutic target in protecting skeletal muscle against a certain type of injury. Further study investigating the upstream and downstream pathway of iNOS in this regard would be required to elucidate the mechanisms by which skeletal muscle injury would be reduced and enhanced by low-intensity exercise by potentially exerting an anti-inflammatory effect, which has been well described in recent reviews. 26, 27 After confirmation of the necrosis in the bupivacaineinduced muscle injury as shown in Fig. 2 , it was determined subsequently whether apoptosis also occurred in this muscle injury model and low-intensity exercise possibly reduces apoptosis by measuring caspase-3 expression as a marker of apoptosis, as the activation of caspase-3 represents the consequence of a series of signaling events resulting from cell damage and is the culminating feature of a different apoptotic pathway. Caspase-3 immunohistochemical data showed that at 7 days after the muscle injury, the expression of caspase-3 was significantly reduced in the EX group compared with that in the INJ group (Fig. 5) , indicating potential antiapoptotic effect of low-intensity exercise in bupivacaine-induced muscle apoptosis. Although previous studies reported that apoptosis was induced in many different muscle injury models including crush injury, 28 pressure-induced injury, 29 burn injury, 30 and bupivacaine-induced injury, 2 our data was the first to show that low-intensity exercise has a potential to reduce muscle injury-induced apoptosis. The notion of the protective effect of physical exercise on skeletal muscle apoptotic process has been reported in aging, 31, 32 stress-induced, and disease models. 33 Many underlying mechanisms for this protective response have been proposed, including antiapoptotic protein expression, improved mitochondrial biogenesis, and reduced free radical generation 33 ; however, elucidation of these mechanisms would be an important theme of future study.
In conclusion, as a nonpharmacological intervention, lowintensity exercise and the associated upregulation of HSP70 is likely to provide potential protection against bupivacaineinduced muscle injury. Understanding the role of HSP70 in modulating cell-signaling pathways related to underlying mechanisms needs further investigation.
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